Abstract---
INTRODUCTION
HEN designing a reinforced concrete (RC) member for strength, ductility and robustness, it is essential that the tensile reinforcement at the critical section can not only develop the yield stress of the steel, f sy , but that it can sustain that level of stress as deformation increases. If f sy is to be reached and maintained, a minimum length of reinforcing bar (the development length) is required on either side of the critical section. In the general design guidelines of RC elements, a minimum development length, L sy.t , is specified over which a straight bar must be embedded in the concrete in order to develop its yield stress. In real structures, where loads may be repetitive and dynamic in nature, where different cracking patterns and frequencies along the anchorage lengths may reduce the average ultimate bond stress and where deterioration may occur due to extensive periods of exposure to the elements, the anchorage requirements of reinforcement may not be the same. When such structures are subjected to extreme events, failure of the anchorage of the reinforcement is often the trigger that initiates collapse.
An extensive experimental program is underway at the University of New South Wales to assess the impact of static, cyclic and sustained loading on the anchorage requirements of modern high strength steel reinforcing bars, including the case of end development and lapped splices of reinforcing bars in tension. The research is aimed at quantifying the effects of the important parameters that affect the stress development in reinforcing bars and hence influence the bond stress that is mobilized along the anchorage length. Factors identified in previous experimental studies that affect the bond strength, including the concrete cover, bar spacing and bar diameter, are being reassessed, and their effect on anchorage length for different loading conditions and structural geometries are being examined. The ultimate objective of the project is to develop procedures for anchoring reinforcement in RC structures that provide reliable and consistent factors of safety and that allow structures to be robust throughout their design life, without an increase in risk of premature collapse through bond and anchorage failure.
This paper describes the first of the four stages of the experimental research program aimed at assessing the impact of static and cyclic loading on the development length of Grade N Australian deformed bars. Based on the results of the first stage of the research, a critical assessment of some fundamental analysis and design provisions for the bond and anchorage length is made. THEORETICAL AND PRACTICAL ASPECTS OF BOND AND ANCHORAGE LENGTH
General Overview and Codes of Practices
When the tensile force in a bar is increased and the adhesive bond between the steel and the concrete is broken, some frictional slip takes place before the full bearing capacity at a rib is mobilized. Within the development length of a deformed bar, the deformations progressively bear onto the surrounding concrete and the bearing forces F are inclined at an angle β to the bar axis as shown in Figure 1a [1] . The horizontal component of this bearing force mobilizes the bond stress, f b at the interface between concrete and reinforcement. The perpendicular component of the bearing forces exerts a radial force on the surrounding concrete. Tepfers [2, 3, and 4] described the concrete in the vicinity around the bar as acting like a thick walled pipe as shown in Figure 1b . and the radial forces exerted by the bar cause tensile stresses, σ r (Figure 2 ) that may lead to splitting cracks radiating from the bar if the tensile strength of the concrete is exceeded. Bond failure is typically initiated by the splitting cracks within the development length of an anchored bar (Figure 1c and 1d) or within the lap-length at a lapped tension splices (Figure 1e ). The bar pull-out due to increasing slip between the concrete and reinforcement is also concurrently associated with the splitting phenomena. Transverse reinforcement across the splitting planes (A tr in Figure 1c , 1d and 1e) delays the propagation of cracks and improves bond strength. Compressive pressure transverse to the plane of splitting delays the onset of cracking thereby improves bond strength. 
Expressions for the development length in most codes of practice are similar to (1) with the average ultimate bond stress, f ub directly related to the tensile strength of concrete, f ' t and modified by coefficients of varying form and complexity to account for the factors affecting bond strength. However, the specified values for L sy.t in the major international Standards differ widely [9] and have been developed independently as empirical fits to experimental data obtained from tests involving monotonically increasing static loads often on small scale specimens.
Empirical Analytical Models of Bond and Anchorage
In many of the analytical models, the angle β is used as the key parameter for describing the relationship between σ r and the average ultimate bond stress at failure, f ub . These empirical models also have in common the dimensionless parameter c/d b as the correlation parameter to the normalized bond strength parameter, f ub / (f ' c ) 0.5 , where c is the minimum of the side or bottom thickness of concrete cover around a reinforcing bar.
Ferguson & Briceno [10] developed equations for side split and face-and-side split bond failures assuming that the radial and longitudinal components of force between the bar and concrete are equal (β = 45º). One of the main limitations of their approach is that the splitting was assumed to occur instantaneously along the anchorage length. However, splitting is actually progressive, starting at the critical end of the anchorage. The crude assumption of the value of β also disregards the observed uneven distribution of bond stress along the anchorage length.
Ferguson & Krishnaswamy [11] used a slightly different approach and assumed that the splitting force is related to bond force but may not be equal to it (i.e. β may be more or less than 45º). They took the concrete tensile strength f ' t = 0.531(f ' c ) 0.5 (in MPa), a value based on split cylinder tests.
By applying the thick cylinder theory, Tepfers [2, 3, 4 ] derived a relationship between radial splitting forces at failure and f ' t . The radial stress, σ r was regarded as the pressure acting against the thick walled cylinder while the inner diameter of the cylinder was considered as the reinforcing bar diameter. Tepfers [2] assumed the thick wall of concrete around the deformed bar in tension is cracked and the maximum depth of internal crack, e, was shown to be 0.486(c+d b /2). The outer zone of concrete around the cylinder was assumed to be uncracked and fully elastic with the bond force carried to it through the cracked concrete. While comparing the bond action at the elastic, plastic and partly cracked elastic stages, Tepfers [2] assumed that the angle β is the same at all the above stages.
Hence the criteria for the occurrence of ultimate load in the concrete ring around the reinforcing bar were set as follows:
i) Elastic stage: Maximum tensile stress peak exceeds ultimate tensile stress for the concrete. ii) Plastic stage: The tensile stress evenly distributed over the concrete cover exceeds the ultimate tensile stress for the concrete. Tepfers showed the maximum tensile stress due to the bond action was (σr)max = (
Bond failure is assumed to occur as soon as the maximum tensile stress in the concrete is equal to f ' t . That is:
Since f ' t can be written as
The main criticism of the Tepfers' thick cylinder theory is that concrete does not behave wholly elastically in tension at failure. Hence, the application of the thick cylinder theory may not be entirely valid. Assuming a full plastic behavior in the uncracked section of the concrete, Orangun et al. [12] showed that the maximum tensile stress in the uncracked section is (0.972 f ub d b tanβ) / (c+d b /2). In the range of f 'c considered by Ferguson and Krishnaswamy [11] , f ' t = 0.531(f 'c)0.5 which results in a value of tanβ = 0.77 for the full elastic behavior, whereas that as for the plastic behavior is tanβ = 1.32. In reality, the angle β changes in magnitude as bond failure develops due to progressive crushing of concrete in front of the bar deformation and this also changes the mechanical wedging action between the bar and concrete.
Bond-Slip Models for Numerical Modeling
The bond stress that develops at the contact surface between the reinforcing bar and concrete, f b , is the component of the radial tensile stress, σ r in the direction of the bar and may be expressed as f b = -σ r tanβ = -k σ r (4) Where k (= tanβ) is the so called rib factor which represents the effects of the deformations on the surface of the bar, i.e. mechanical interlocking [1] . In the bond-slip model, f b is associated with the slip at the bar-concrete interface and constitutive laws for the bond-slip relationship are typically developed from empirical expressions that best fit the relevant experimental results.
When modeling RC structures with the finite element method, the displacement field at the bar-concrete interface is determined using mathematical expressions that describe the mechanical relation between σ r and f b through the rib factor, k. Bond-slip constitutive laws, such as that shown in Figure 3 , are typically implemented at the bar-concrete interface. The rib factor, k is normally built into the structural modeling software as a constant value. Bond-slip relationships are, in general, developed from empirical fits to experimental data. The database, used for this purpose, mostly contains results from bar pull-out tests. At failure in a bar pull-out test, reinforcing bars embedded in the concrete specimen are axially loaded until bar pull-out bond failure occurs. The concrete between the bar deformations often shears and sliding (slip) occurs on the slip surface shown in Figure 4a .
Constitutive laws developed as empirically fits to the bar pull-out test results are based on the assumption that bond stresses are dependent solely on the slip. However, bond action causes not only bond stresses, but also splitting stresses, as was shown by Tepfers [6, 7, and 8] . The splitting stresses also change in magnitude and direction due to progressive crushing of concrete in front of the lugs of reinforcement. As the deposition of crushed concrete in front of the lugs changes the angle of inclination of the sliding surface (Figure 4b ), the slip values also change in relation to the variable splitting stresses. According to Lutz and Gergely [14] , concrete crushing in front of the ribs results in a new sliding surface and hence causes a change in the angle of inclination of the bar forces to the concrete (Figure 4b ). The new sliding surfaces progressively cause larger splitting forces and hence smaller bond strengths.
In typical geometrical shapes of RC structures, for example in beams and slabs, exclusive bar pull-out bond failures shown in Figure 4a is relatively rare. In most cases, bond failures with face splitting or face-and-side splitting of the concrete covers around the reinforcement are more usual. It follows that bond-slip constitutive laws should include the effects of splitting stresses into the basic formulation. The splitting stresses associated with splitting cracks in the concrete reduce the bond capacity. The yielding of reinforcement also reduces the bond capacity but not to the same extent that the splitting cracks do. Lundgren and Gilltoft [15] pointed out the difference between them and hence developed model for the bond between concrete and reinforcement which could generate various bond-slip model on demand under the various loading and geometrical arrangement of RC structures.
The loss of bond capacity being dependent on variable splitting stresses may not be the same for the different variations of anchorage lengths. This paper is aimed at evaluating the bond capacity of deformed reinforcing bars in tension where the bond failures are associated simultaneously with both bar pull-out and splitting of the cover concrete.
III.
THE EXPERIMENTAL PROGRAM
Test Specimens and Loading Regime
The development length specimens were 2000 mm long, 600 mm wide and 200 mm deep. With supports 1200 mm apart, these statically determinate members were cantilevered at one end by an amount of 700 mm, as shown in Figure 5a . The line load P was 600 mm past Support 1. Each specimen contains four reinforcement bars in the top of the specimen, the outer two bars being terminated with a 180° cog immediately past Support 1. For the two centrally placed bars that carry bending in the cantilever, the bond between the concrete and the bars was eliminated from the point of development length, l d past Support 1 through to the far end of the specimen by encasing each bar in a plastic sleeve. The bar within the plastic sleeve continues along the specimen, protruding from the right hand end. For the convenience during testing, the specimen is inverted so the anchored bars are located in the bottom of the specimen (see Figure 5c) . A total of eighteen development length specimens were tested in Test Series 1. Fourteen specimens were tested under shortterm static loading and the remaining was tested under a cyclic loading regime. Development Length Specimens The static loading involved monotonically increasing the applied load on the specimen by controlling the rate of deformation at a suitably slow rate until failure occurs in the specimen, either by bond failure or yielding of the reinforcement. The cyclic loading involved repeatedly loading and unloading the specimen from 10% to about 50% of its static strength. Each cyclic loading specimen was subjected to in excess of 50,000 cycles of loading at a rate of 1.0 hertz. The deflection of the specimen at the point of load application, together with the slip at the end of the debonded bars, was measured throughout the test using LVDTs. Also measured throughout the test were the location of the primary cracks and crack widths. The variables considered were the bar diameter d b = 12 or 16 mm; the development length l d = 5d b , 10d b , 15d b and 20d b ; and the bottom concrete cover c= 25 or 40 mm. Strain gauges were used to monitor steel strains in the developing bar at the critical cross-section and mid-way along the length l d , as shown in Figure 5b . When interpreting the results of the static load tests, cracked section analysis can be readily undertaken to determine the stresses that develop in the developing bars at the critical cross-(Support 1) at all levels of applied loading up to and including anchorage failure.
Test Results of Development Length Specimens
The maximum load P max applied to each specimen during the test is given in Table 1 , together with the maximum stress in the monitored bars at the critical section and the average ultimate bond stress f ub over the anchorage length l d . Table 2 shows the material properties measured at the time of testing. When considering the minimum development lengths specified in codes of practice, it is generally agreed that a factor of safety in the range of 1.5 to 2.5 is reasonable and appropriate. For the static load tests, the factor of safety obtained from the Australian Standard, AS3600-2009 are generally in that range (except for DL-11 and DL-12 marginally under and DL-6 somewhat higher). With the exception of DL-4, the cyclic load tests are below the acceptable range. Specimen DL-14 with an anchorage length of just 60 mm (l d = 5d b ) suffered bond failure immediately at first cracking. Of the cyclic tests, specimens DL-4, DL-13 and DL-17 were all subjected to in excess of 50,000 cycles of load, before being loaded monotonically to failure. Each cyclic load specimen was cycled between 10% and 50% of the peak static load determined from the identical static load specimens DL-2, DL-11 and DL-16, respectively. Specimen DL-9 suffered a sudden bond failure after 25,080 cycles of load.
The average ultimate bond stress f ub required by AS3600-2009 to develop the failure stress σ st is also shown in Table 1 , together with the factor of safety associated with the code approach (taken as the ratio of the measured f ub to that specified by the Standard). Figure 6 illustrates selected data from • The effect of concrete cover on the development length is perhaps not as significant as is indicated in the current code approaches, with statistically little difference in steel stress at failure between the specimens with 25 mm and 40 mm cover.
• The effect of the dimensionless parameter, c/d b on the average ultimate bond stress f ub is significant for the smaller diameter bars (12 mm) with the shorter anchorage lengths while for the larger diameter bars (16 mm) the effect is insignificant.
• The average bond stress at failure f ub decreases as the anchorage length l d increases. The measured value of f ub seems to be affected by the spacing and position of the primary cracks within the anchorage length.
• The values of f ub for 16 mm bars are significantly smaller than that for 12mm bars, but the difference decreases for higher values of l d . The relatively lower factors of safety for higher diameter bars is because more cracks form within the longer length ld and at each crack the local bond stress drops to zero, thereby reducing the average ultimate bond stress.
• The effect of cyclic loading on f ub is not clear. While the values of f ub for specimens DL-13 and DL-17 were less than the values for their static load counterparts, the value for DL-4 was not.
Further Discussion of Results
The angle of inclination of the bearing forces within the anchorage length (β) determined at the ultimate state of bond failure is indicative of the extent of plastic deformation that occurs at that state. Figure 7 is a plot of the normalized bond strength (f ub /(f ' c ) 0.5 ) against the dimensionless parameter c/db for the test specimens together with points obtained from Tepfers' analytical solution using (3) . The wide deviations of the experimental results from Tepfers' assumed linear behavior, particularly at higher values of bond stress, indicates that the assumption of fully elastic behavior of the concrete zone outside the assumed thick cylinder zone is not entirely valid. This also indicates the angle β changes for the different variations of anchorage lengths and bars indicating variable degrees of plastic deformation. Expressions such as those shown in the figure can be used to choose the angle β (or tanβ) for a particular c/db ratio. However, further research is required to develop meaningful relationships between the angle β (tanβ) and the parameters c/d b , the anchorage length ld and the bar diameter. The relationships developed from the experimental results could be effectively used for realistic prediction of the angle β or the rib factor (k) and hence assist in developing more accurate formulations of bond and anchorage length to be used for practical purposes. The comparison of Figure 9 and Figure 10 indicates that the half of the anchorage length closest to the end of the bar for the longer value of l d was relatively less effective for the development of stresses compared to the specimen with the shorter development length. For larger anchorage lengths, the portion of l d closest to the end of the bar becomes less effective. This is another reason for the reduction of the average ultimate bond stress, f ub in the relatively larger development length specimens.
IV. CONCLUSIONS
The development length and the lapped splice length of deformed reinforcing bars in tension are typically calculated according to the procedures specified in the relevant local code of practice. According to the results presented in the paper, the effect of concrete cover on the development length is perhaps not as significant as is indicated in the code approaches. The reinforcing bar diameter, on the other hand, seems to strongly affect the average ultimate bond stress mobilized along the development length. The average ultimate bonds stress is also greatly affected by the anchorage length of the specimen. Shorter anchorage lengths develop higher average ultimate bond stress because fewer primary cracks cross the anchorage region. At each primary crack there is a local breakdown of bond, thus lowering the average bond that can develop over an anchorage length.
In addition, different structural factors, including the normalized parameter (c/d b ), significantly affected the bearing angle β and hence the extent of plastic behavior of the concrete in the tensile zone around the anchored bar. This phenomenon needs to be explored further in order to develop reliable bond-slip relationships and to recalibrate the bond models used in commercial software packages and for the development of reliable code procedures for bond and anchorage of deformed reinforcing bars in tension. 
